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(57) ABSTRACT

A method and apparatus provide for determining a tempera-
ture at a junction of a laser diode when the laser diode is
operated in a lasing state that facilitates heat-assisted mag-
netic recording, comparing the junction temperature and an
injection current supplied during the lasing state to stored
combinations of junction temperature and injection current,
and determining a likelihood of mode hopping occurring for
the laser diode during the lasing state based on the compari-
son to stored combinations of junction temperature and injec-
tion current.

17 Claims, 15 Drawing Sheets
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1
THERMAL MANAGEMENT OF LASER
DIODE MODE HOPPING FOR HEAT
ASSISTED MEDIA RECORDING

SUMMARY

Examples described herein include methods, apparatuses,
and techniques related to heat-assisted media recording
(HAMR). In one embodiment, a method includes determin-
ing a temperature at a junction of a laser diode when the laser
diode is operated in a lasing state that facilitates heat-assisted
magnetic recording, comparing the junction temperature and
an injection current supplied during the lasing state to stored
combinations of junction temperature and injection current,
and determining a likelihood of mode hopping occurring for
the laser diode during the lasing state based on the compari-
son to stored combinations of junction temperature and injec-
tion current.

According to another embodiment, an apparatus includes a
laser diode, a sensor, and an analyzer. The laser diode is
configured to facilitate heat assisted magnetic recording in a
lasing state. The sensor is configured to measure a tempera-
ture of a junction of the laser diode. The analyzer is config-
ured to determine a likelihood of mode hopping occurring for
the laser diode during the lasing state based on a comparison
of the junction temperature and an injection current of the
laser diode to stored combinations of junction temperature
and injection current.

Another exemplary embodiment is directed to a method
that includes supplying an injection current to a laser diode,
measuring a temperature of the junction of the laser diode
when in a lasing state that facilitates heat-assisted magnetic
recording, comparing the monitored junction temperature
and the supplied injection current to the stored combinations
of junction temperature and injection current, determining if
the measured junction temperature and supplied injection
current comprises a combination for which mode hopping is
likely to occur based upon the comparisons to stored combi-
nations of junction temperature and injection current, and
implementing one or more measures to attenuate the effects
of or reduce the likelihood of mode hopping during heat-
assisted recording.

These and other features and aspects of various embodi-
ments may be understood in view of the following detailed
discussion and accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The discussion below makes reference to the following
figures, wherein the same reference number may be used to
identify the similar/same component in multiple figures.

FIGS. 1-4 are flow charts illustrating processes/methods
according to example embodiments;

FIG. 5 is graph of a laser diode voltage over time at various
known substantially constant current levels;

FIG. 5A is a graph of laser diode voltage against injection
current for the embodiment of FIG. 5;

FIG. 5B is an enlargement of the graph of FIG. 5 showing
a transition between voltage states;

FIG. 6 is a schematic that includes a laser diode coupled in
parallel with a heater arrangement according to an example
embodiment;

FIG. 7 is a graph of laser bias and temperature over time
with and without heating applied thereto according to an
example embodiment;
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FIG. 8 is a schematic that includes a laser diode coupled in
parallel with a heater arrangement according to another
example embodiment;

FIG. 9 is a graph of laser bias over time and illustrating an
oscillating drive signal including a negative-going portion for
forward biasing a heating arrangement according to an
example embodiment;

FIG. 10 is a schematic view of a laser diode and a heater
arrangement each part of an independent circuit according to
yet another example embodiment;

FIG. 11 is a flow chart of a process/method according to an
example embodiment;

FIG. 12 is a schematic view of an apparatus and related
components according to an example embodiment;

FIG. 13 is a schematic view of an apparatus and related
components according to another example embodiment; and

FIG. 14 is a schematic view of an apparatus and related
components according to yet another example embodiment.

DETAILED DESCRIPTION

This disclosure describes structures and techniques for
mitigating temperature-induced mode hopping of a laser
diode used in heat-assisted magnetic recording (HAMR)
devices. In particular, some embodiments determine a junc-
tion temperature of the laser diode and can have a heating
element that warms the junction to mitigate instances of
power instability associated with laser diode mode hopping
during HAMR. Other embodiments determine the junction
temperature of the laser diode and predict a likelihood that
mode hopping will occur. One or more measures can be
implemented based upon the prediction that mode hopping is
likely to reduce its negative impact upon HAMR.

In HAMR devices, also sometimes referred to as thermal-
assisted magnetic recording (TAMR) devices or energy
assisted magnetic recording (EAMR), a magnetic recording
medium (e.g., hard drive disk) is able to overcome superpara-
magnetic effects that limit the areal data density of typical
magnetic media. In a HAMR recording device, information
bits are recorded on a storage layer at elevated temperatures.
The heated area in the storage layer determines the data bit
dimension, and linear recording density is determined by the
magnetic transitions between the data bits.

Inorderto achieve desired data density, a HAMR recording
head (e.g., slider) includes optical components that direct
light from a laser diode to the recording media. The HAMR
media hotspot may need to be smaller than a half-wavelength
of light available from current sources (e.g., laser diodes).
Due to what is known as the diffraction limit, optical compo-
nents cannot focus the light at this scale. One way to achieve
tiny confined hot spots is to use an optical near field trans-
ducer (NFT), such as a plasmonic optical antenna. The NFT is
designed to support local surface-plasmon at a designed light
wavelength. At resonance, high electric field surrounds the
NFT due to the collective oscillation of electrons in the metal.
Part of the field will tunnel into a storage medium and get
absorbed, raising the temperature of the medium locally for
recording. During recording, a write element (e.g., write pole)
applies a magnetic field to the heated portion of the medium.
The heat lowers the magnetic coercivity of the media, allow-
ing the applied field to change the magnetic orientation of
heated portion. The magnetic orientation of the heated por-
tion determines whether a one or a zero is recorded. By
varying the magnetic field applied to the magnetic recording
medium while it is moving, data is encoded onto the medium.

A HAMR drive uses a laser diode to heat the media to aid
in the recording process. Due to inefficiencies of electric to
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optical power, the laser diode also heats itself during lasing.
Components (writer, reader, heat elements) in the magnetic
slider also dissipate heat and the heat is conducted to laser
diode as the laser diode submount is mounted on the slider.
These components (including the laser diode) can experience
significant heating due to light absorption and electric-to-
optical conversion inefficiencies as energy produced by the
laser diode is delivered to the magnetic recording medium
(not shown). During write operation, these light absorption
and inefficiencies will vary the junction temperature of the
laser diode, causing a shift in laser emission wavelength,
leading to a change of optical feedback from optical path in
slider to the cavity of the laser diode, a phenomenon that is
known to lead to mode hopping/power instability of the laser
diode. Mode hopping is particularly problematic in the con-
text of single-frequency lasers. Under some external influ-
ences, a single-frequency laser may operate on one resonator
mode (e.g., produce energy with a first wavelength) for some
time, but then suddenly switch to another mode (produce
energy, often with different magnitude, with a second wave-
length) performing “mode hopping.” Temperature variation
is known to cause mode hopping in laser diodes. Some of the
physical mechanisms for thermally-induced mode hopping
are thought to be temperature dependence of laser gain, index
of refraction, and cavity length.

Mode hopping is problematic for HAMR applications, as
mode hopping leads to laser output power jumping and mag-
netic transition shifting from one block of data to another.
Large transition shifts in a block of data cannot be recovered
in channel decoding, resulting in error bits. This disclosure
discusses various techniques, methods, and apparatuses that
can be used to predict a likelihood of mode hopping occurring
during HAMR. Additionally, various techniques, methods,
and apparatuses are disclosed that can be used to mitigate the
occurrence of mode hopping and/or reduce the undesirable
effects of mode hopping for HAMR applications.

FIG. 1 illustrates an exemplary method that determines a
likelihood of mode hopping during HAMR. The method
determines 101 a temperature of a junction of a laser diode
when in a lasing state that facilitates HAMR. In some
instances, the method can determine the junction temperature
in a non-lasing state as well as the lasing state. As will be
discussed in FIGS. 2 and 3, and in reference to various sub-
sequent FIGURES, the determination of the junction tem-
perature can be made through temperature measurement (uti-
lizing sensors) or calculation. The method utilizes the
measured junction temperature and a known injection current
supplied to the laser diode during the lasing state to compare
102 the measured junction temperature and injection current
to stored combinations of junction temperature and injection
current. The stored combinations of junction temperature and
injection current will vary from embodiment to embodiment
and are dependent upon various criteria including the lasing
wavelength, laser diode type, amount of optical feedback,
operational temperatures of various components within the
drive, etc. Based upon the comparison 102 to the stored
combinations of junction temperature and injection current,
the method determines 103 a likelihood of mode hopping
occurring for the laser diode during the lasing state. Option-
ally, one or more measures 104 can be implemented to miti-
gate the effects or reduce the likelihood of mode hopping
during HAMR. Some examples of these measures will be
discussed in further detail subsequently.

FIG. 2 illustrates another exemplary method that deter-
mines a likelihood of mode hopping during HAMR. The
method of FIG. 2 calculates 201 the temperature of the junc-
tion of the laser diode when in a lasing state that facilitates
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4

HAMR. In some instances, the temperature of the junction
can also be calculated in a non-lasing state. This determina-
tion can be made, for example, by a forward voltage method
during the lasing state that is based on the relationship
between voltage, current, and laser diode junction tempera-
ture. Indeed, the method is based upon the fact that voltage of
a constant current is linearly proportional to the junction
temperature. Laser diode injection current is a known quan-
tity as it is controlled. Laser power output can be measured,
by for example, a laser power monitor (e.g. a photodiode) or
other methods. One method of calculating the junction tem-
perature from the power output and the current will be dis-
cussed subsequently in reference to FIGS. 5 and 5A.

The method of FIG. 2 compares 202 the measured junction
temperature and a known injection current supplied to the
laser diode during the lasing state to stored combinations of
junction temperature and injection current. Based upon the
comparison 202, the method determines 203 a likelihood of
mode hopping occurring for the laser diode during the lasing
state. As with the embodiment of FIG. 1, various measures
204 can be implemented to mitigate the effects or reduce the
likelihood of mode hopping during HAMR.

FIG. 3 illustrates yet another exemplary method for deter-
mining a likelihood of mode hopping during HAMR. The
method of FIG. 3 measures 301 the temperature of the junc-
tion of the laser diode when in a lasing state that facilitates
HAMR. Measurement of the junction temperature can be
made during the non-lasing state as well. The measurement
can be performed using a sensor (e.g., a thermistor as dis-
cussed in reference to FIG. 6). The method compares 302 the
measured junction temperature and a known injection current
supplied to the laser diode during the lasing state to stored
combinations of junction temperature and injection current.
Based upon the comparison 302, the method determines 303
a likelihood of mode hopping occurring for the laser diode
during the lasing state. The method specifies one of various
optional measures, heating 304 the laser diode, which can be
used to reduce the likelihood of mode hopping.

FIG. 4 illustrates a flow chart of according to another
method. The method proceeds from start 400 and monitors
402 the junction temperature and an injection current of the
laser diode during the lasing state. The monitored junction
temperature and the injection current are compared 404 to
stored combinations of junction temperature and injection
current. In some instances, the stored data can additionally
include information regarding slider/head temperatures, case
temperatures, magnetic recording medium temperatures, etc.
that can be used with the stored injection current information.
The method determines 406 if the measured junction tem-
perature and injection current comprises a combination for
which mode hopping is likely to occur based upon the com-
parisons to stored combinations of junction temperature and
injection current. If mode hopping is unlikely, the method
proceeds to allow the laser diode to deliver 408 energy to the
magnetic recording medium using an appropriate injection
current. However, if mode hopping is determined to be likely,
the method proceeds to implement measures 410 to mitigate
the effects or reduce the likelihood of mode hopping. These
measures can include one or more of: heating or cooling the
laser diode, adjusting laser injection current higher or lower
to avoid a combination of junction temperature and injection
current for which mode hopping is likely to occur, tempo-
rarily stopping writing or holding operation until the junction
temperature is reduced, preheating the laser diode by turning
it on prior to writing data tracks, etc. Preheating of the laser
diode can include applying a power that is below a lasing
threshold to the laser diode if a small amount of heating of the
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junction is desired, or moving the head to a position where
data can be overwritten and applying a full lasing power to the
laser diode if a larger amount of heating of the junction is
desired. After one or more of the measures 410 has been
applied, a second check 412 can be performed to determine if
the measured junction temperature and injection current com-
prises a combination for which mode hopping is likely to
occur based upon the comparisons to stored combinations of
junction temperature and injection current. If mode hopping
is determined to be likely, further measures 410 to mitigate
the effects or reduce the likelihood of mode hopping can be
implemented. If mode hopping is determined to be unlikely,
the method proceeds to deliver energy to the magnetic record-
ing medium 414.

Additionally, the method can be provided with redundancy
or another check after writing of a data sector is complete
such as illustrated in step 416. Step 416 determines if a
combination of junction temperature and injection current for
which mode hopping was likely to have occurred was inad-
vertently crossed during energy delivery 408. In some
instances, if such a combination was found to have occurred,
the sector of data affected can be rewritten at step 408. In other
instances, if a comparison of the measured junction tempera-
ture and injection current to stored combinations of junction
temperature and injection current indicates mode hopping
was unlikely to have occurred, yet additional monitoring/
analysis (e.g., optical power monitoring, review of recorded
data, laser wavelength monitoring) indicates mode hopping
was likely to have occurred, the method can proceed to reca-
librate 418 the stored temperature and injection current data
to allow for a better identification of mode hopping based
upon the measured junction temperature and injection current
can be performed.

FIGS. 5, 5A, and 5B illustrate graphs 500, 502, and 504
that provide an example of how the temperature of the junc-
tion of the laser diode can be calculated. This technique does
not rely on sensors (e.g. thermistor) for monitoring and
indeed performs no sensing during the non-lasing state. The
technique allows for determination of a junction temperature
of the laser diode in both the lasing state and the non-lasing
state. The technique is based on the relationship between
voltage, current, and laser diode junction temperature (i.e.,
voltage at low constant (~1 mA) current is linearly propor-
tional to the junction temperature). Laser diode current is a
known quantity as it is controlled as illustrated in FIG. 5.
Laser power output can be measured, by for example, a laser
power monitor (e.g. a photodiode), analyzing patterns in
recorded data to deduce power variation, etc.

FIG. 5 provides a graph where current is increased such
that laser diode voltage increases from zero to substantially a
steady state (e.g., about 1.37 V) and held at this steady state
for a period of time. In the embodiment of F1G. 5, the current
is increased to a high current such that voltage is also
increased. This lasing state is held at a high power state for a
period of time sufficient for junction temperature to adjust
and then the current is abruptly returned to a lower current
state (e.g. back to the 1 mA state) and held in that state for a
period of time to allow for return of a steady state voltage and
an adjustment of junction temperature.

FIG. 5A provides a graph 502 of the laser diode voltage
measured against injection current for the embodiment
described in FIG. 5. The graph 502 illustrates that voltage
increases rapidly from zero until a voltage associated with the
steady state (e.g., about 1.37 V) turn-on voltage is reached.
Because constant current is linearly proportional to the junc-
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tion temperature, a voltage, V_, associated with the low cur-
rent state can be extrapolated by fitting a linear line back from
the steady state voltage.

FIG. 5B provides an enlargement of a portion of FIG. 5§
where the current is suddenly reduced from the maximum
state and then pulsed up to the lower current state. The pulse
illustrated in FIG. 5B has a time duration t in the hundreds of
nanosecond in some instances. FIG. 5B illustrates that the
voltage dips measurably for a transient temperature period
(e.g., t) before returning toward a steady state voltage pro-
vided by the constant current. In FIG. 5B, the amount of this
dip AV=0.024 is provided for exemplary purposes. Because
voltage of a constant current is linearly proportional to the
junction temperature, the amount of AV provides a measure
of AT at the junction of the laser diode. The technique
involves a calibration step in which a proportionality factor K
is determined. This can be accomplished by measuring for-
ward voltage in a first state where temperature is known (e.g.,
at a room temperature where the laser is driven by a very low
known constant current, for example, 1 mA or less as illus-
trated) and, for example, at a second known voltage state
(e.g., a high voltage or zero voltage V,). The temperatures
during these voltage states can be measured by a sensor (e.g.,
thermistor, etc.).

The proportionality factor K can be calculated according to
Equation (1) as follows:

K=(V,-V)/(Ir-Ty) (6]

where V, is the voltage measured during the first state (e.g., a
room temperature state), V, is the voltage measured during
the second state (e.g., ahigh voltage state, a zero voltage state,
etc.), T, is the temperature measured during the second state,
and T, is the temperature measured during the first state.

Once the proportionality factor K has been determined for
the laser diode, given a sensed AV, AT can be calculated as
changes in current are known. As illustrated in FIG. 5B, the
forward voltage can be measured before and after heating by
ahigh pulsed drive current to determine AV. Thermal imped-
ance (Ryy,.,maz rmpedence) €an be calculated according to Equa-
tion (2) as:

Rﬁermallmpedence:Kkl *AVIPpcar) (2)

where AV=V, oo utse=V aper PUlse and Py, o000, 18 the
power expended during the heat pulse. The power expended
during the heat pulse P, 5, ;.25 €an be calculated accord-
ing to Equation (3):

Pheatﬁom pulse(AI*A V)_Plight (3)

where Al is the change in current applied during the pulse, and
Py, 1s the change in lasing power measured during the pulse
by, for example, a photodiode or another sensor or method. In
short, the forward voltage technique described determines a
voltage differential between a transient voltage lasing state of
the laser diode and a constant voltage lasing state of the laser
diode (as measured just prior to and just after a high pulsed
drive current is applied). The forward voltage technique cal-
culates the temperature differential based on the voltage dif-
ferential using the proportionality factor K and the assump-
tion that the temperature differential between the transient
voltage lasing state and the constant voltage lasing state is
relatively minimal (i.e. and some cases can be assumed to be
zero) due to the relatively slower diffusion of heat along the
junction as compared with faster response of electrical sig-
nals.

FIG. 6 is a simplified circuit arrangement 600 that electri-
cally couples a laser diode 602 and a heater arrangement 604
in a parallel relationship. The heater arrangement 604 can be
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disposed proximate the laser diode 602 (e.g. in, along, or
adjacent thereto) and can be used to heat the laser diode 602.
Indeed in some instances the spatial proximity of the heater
arrangement 604 to the junction of the laser diode 602 is such
that heat can diffuse quickly (e.g., <1 ps) to the laser junction
and maintain a smaller laser junction temperature variation.
Thus, in some instances the heater arrangement 604 can be
positioned in or along the laser diode 602 itself. In other
instances, the heater arrangement 604 can be disposed on
adjacent components such as the transducer head, etc. In the
embodiment shown in FIG. 6, the heater arrangement can
comprise a diode 606 coupled in series with a heater/ther-
mistor 608. However, in some embodiments the heater
arrangement can be comprised of only a diode (e.g. FIG. 8).
The heater/thermistor 608 can allow the heater arrangement
604 to act as a temperature sensor of the junction temperature
of the laser diode 602 (at least during a portion of the non-
lasing state) in addition to providing heating to the junction.
In some cases, the temperature sensor can be configured to
measure a temperature of the junction of the laser diode in one
or both of the lasing state and the non-lasing state.

As illustrated in FIG. 6, the circuit 600 is configured to
alternately operate the laser diode 602 in a lasing state and a
non-lasing state, and to activate the heater arrangement 604
during the non-lasing state to warm a junction of the laser
diode 602. In the embodiment of FIG. 6, the heater arrange-
ment 604 includes the diode 606, which is configured/ar-
ranged to be reverse biased during the lasing state and forward
biased during the non-lasing state for the laser diode 602.
Thus, the heater arrangement 604 and circuit 600 are config-
ured to provide heating to the laser diode 602 during the
non-lasing state and the heater arrangement 604 is configured
to warm the laser diode junction to a temperature associated
with a reduced risk of mode hopping of the laser diode 602.
The heater arrangement 604 can be controlled (e.g., through
a pre-amp current driver) to maintain the temperature at the
junction within a predetermined temperature range.

Using the circuit 600 and components (e.g., diode 606 and
heater/thermistor 608) of FI1G. 6, the junction temperature can
be measured during the non-lasing state. The junction tem-
perature during the lasing state can be measured by another
sensor (e.g. thermistor, photodiode, etc.), the heater/ther-
mistor 608, and/or the diode 606 in some instances. Thus, the
diode 606 can function as a temperature sensor in some
embodiments. Junction temperature can be measured when
the laser diode 602 is in the lasing state and the non-lasing
state. Based upon the measured junction temperatures during
the lasing state and the non-lasing state, a drive signal can be
applied to the heater arrangement 604 to provide heating to
the laser diode 602 during at least the non-lasing state as the
diode 606 is configured to be reverse biased during the lasing
state and forward biased during the non-lasing state.

FIG. 7 is a graph 700 of laser bias, V=[V -V, ], and laser
junction temperature for the circuit 600 and components (e.g.,
laser diode 602) of FIG. 6 (indicated in FIG. 7 as “with
heater”) as compared to a circuit and a laser diode that are not
part of such an arrangement (indicated in FIG. 7 as “without
heater”). As illustrated in FIG. 7, both arrangements (circuit
with heater, and circuit without heater) operate with the same
laser bias voltage and junction temperature during a first laser
on period 702. However, during a laser off period 704, the
heater arrangement 604 (diode 606) is forward biased (e.g.,
provided with negative bias from the laser perspective). Dur-
ing the initial time period of the laser off period 704, the
heater arrangement 604, with the heater/thermistor 608, acts
in a thermistor mode 706 to measure the laser temperature at
the junction (in addition to providing heating thereto). Thus,
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the heater/thermistor 608 serves as a temperature sensor for
the laser diode junction at least during a portion of the non-
lasing state. In some cases, sensing can be accomplished
during a lower laser bias level than during heater mode 708, as
illustrated in FIG. 7. One or both of the thermistor mode 706
and the heater mode 708 may involve application of preheat-
ing to the junction during the laser off period 704. When
lasing is desired, the laser bias is driven in an opposing direc-
tion such that the laser diode 602 is ready for lasing as illus-
trated by 710. Application of a higher forward bias voltage to
the laser diode causes the laser to lase in a laser on mode 712.

FIG. 7 additionally illustrates the difference between junc-
tion temperatures of a laser diode without heating and the
laser diode 602 with heating. As illustrated in FIG. 7, region
714 of the laser diode 602 experiences a much smaller tem-
perature fluctuation at the junction than the laser diode with
no heater. Thus, AT,<AT, (i.e. the temperature differential
AT, of the junction for the laser diode 602 between the lasing
state and the non-lasing state is smaller than the temperature
differential AT, of the junction for the laser diode without a
heater between the lasing state and the non-lasing state).

FIG. 8 is a simplified circuit arrangement 800 that electri-
cally couples a laser diode 802 and a heater arrangement 804
in a parallel relationship. FI1G. 8 illustrates an embodiment in
which current passing through the forward biased diode 806
provides sufficient heat generation for the laser diode 802
during the non-lasing state, without need for an additional
heating element (e.g., resistor or thermistor). The circuit
arrangement 800 and components are configured in the man-
ner previously discussed with regard to FIG. 6. The heater
arrangement 804 of FIG. 8 comprises a diode 806, which is
configured to be reverse biased during the lasing state and
forward biased during the non-lasing state for the laser diode
802. The diode 806 can also act as a temperature sensor in
some embodiments. Thus, the heating arrangement 804 can
also be a temperature sensor. The circuit 800 is configured to
alternately operate the laser diode 802 in a lasing state and a
non-lasing state, and to activate the heater arrangement 804
(e.g. the diode 806) during the non-lasing state to warm a
junction of the laser diode 802.

In addition to providing heating to the laser diode junction
during the non-lasing state in some embodiments, the
embodiments of FIGS. 6 and 8 can also in some scenarios be
used to activate the heater arrangement 604, 804 during at
least a portion of the non-lasing state and at least a portion of
the lasing state to warm the junction of the laser diode 602,
802. FIG. 9 provides a graph 900 of such a scenario. FIG. 9
shows laser bias over time and illustrates an oscillating drive
signal 902 including a negative-going portion 904 for forward
biasing the heater arrangement 604, 804 to produce heat. In
FIG. 9, the generated drive signal 902 has an energizing
portion 906 and a non-energizing portion 908 that causes the
laser diode 602, 802 to operate in the lasing state and non-
lasing state, respectively. As illustrated in FIG. 9, the ener-
gizing portion 906 comprises part of the negative-going por-
tion 904 for forward biasing the heater arrangement 604, 804
(e.g. diode 606, 806) during at least a portion of the lasing
state. The drive signal 902 can be viewed as having a first
envelop 910 defined by the positive amplitude peaks of the
drive signal 902. The drive signal 902 can be viewed as having
asecond envelop 912 defined by the negative amplitude peaks
of the drive signal 902. The magnitude of the bias voltage
defining the first envelop 910 dictates whether the laser diode
is in the lasing or non-lasing state (laser on, laser off). The
magnitude of the bias voltage defining the second envelop
912 dictates it and to what extent the heater arrangement 604,
804 (e.g., diode 606, 806) is producing heat. The drive signal
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902 can be generated with a frequency and amplitude profile
sufficient to produce both lasing and heating as desired. For
example, one or both of the bias voltage magnitude and fre-
quency can be selected and adjusted to shape the negative-
going heating envelop of the drive signal to achieve a desired
level of laser diode heating during at least a portion of the
lasing state and the non-lasing state. Analysis indicates that
HAMR recording can be successful if the frequency of laser
diode bias is higher than approximately the half the drive
data-rate. As a numerical example, consider a disc drive with
data-rates on the order of 4 gigabits per second. Thus, the
minimum frequency for laser diode bias is expected to be on
the order of 2 GHz.

FIG. 10 is another simplified view of two circuits 1000 that
are electrically separated from one another yet allow for heat
generated by components electrically coupled to a first circuit
1000A to heat components that are electrically coupled to a
second circuit 1000B. The second circuit 1000B allows a bias
voltage (V,~V,) to be applied to a laser diode 1002. The first
circuit 1000A allows a second bias voltage (V,_,-V_) to be
applied to a heater arrangement 1004. The heater arrange-
ment 1004 can be disposed proximate the laser diode 1002 as
described previously and can be used to heat the laser diode
1002. Indeed, in some instances the spatial proximity of the
heater arrangement 1004 to the laser junction is such that heat
can diffuse quickly (e.g., <1 us) to the laser junction and
maintain a small laser junction temperature variation. In the
embodiment of FIG. 10, the heater arrangement 1004 can
comprise a diode 1006 coupled in series with a heater 1008.
However, in some embodiments the heater arrangement 1004
can comprise only a diode, or can comprise a heater/ther-
mistor as previously discussed. In some instances, the diode
1006 can comprise a photodiode arranged to facilitate power
monitoring of the laser diode 1002. The photodiode could
provide heating of the laser diode during at least the non-
lasing state. The heater arrangement 1004 and the first circuit
1000A are configured to provide heating to the laser diode
1002 as desired (e.g., during one or both of the non-lasing
state and the lasing state). For example, the first circuit 1000A
can be activated during the non-lasing state to heat the laser
diode 1002, and during at least an end portion of the lasing
state to pre-heat the laser diode 1002 and thereby reduce the
junction temperature variation between lasing and non-lasing
states. The heater arrangement 1004 can be configured to
warm the laser diode junction to a temperature associated
with a reduced risk of mode hopping of the laser diode 1002.
Additionally, the heater arrangement 1004 can be controlled
(e.g., through a pre-amp current driver) to maintain the tem-
perature at the junction within a predetermined temperature
range.

FIG. 11 illustrates an exemplary method that utilizes a
circuit (e.g. 600, 800, 1000, etc.) to measure a junction tem-
perature of and heat a laser diode. The method measures 1101
the junction temperature of a laser diode in a lasing state that
facilitates heat assisted recording and in the non-lasing state.
The method generates 1102 a drive signal having an energiz-
ing portion and a non-energizing portion to cause the laser
diode to operate in the lasing state and non-lasing state,
respectively. The method activates 1103 a diode of a heater
arrangement coupled in parallel with the laser diode using at
least the non-energizing portion of the drive signal, and heats
1104 the laser diode using the heater arrangement during at
least the non-lasing state. In some cases, the energizing por-
tion can comprise a negative-going portion for forward bias-
ing the diode during at least a portion of the lasing state and
the heating of the laser diode can occur during at least a
portion of the lasing state. In some instances, the heater
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arrangement can facilitate measurement of the junction tem-
perature (i.e. act as a temperature sensor). The operation of
the heater arrangement can be controlled based upon the
measured junction temperature. Heating can occur such that
the junction temperature falls within a temperature range
associated with a reduced risk of mode hopping of the laser
diode.

FIGS. 12-14 are schematic views of apparatuses 1200,
1300, and 1400 (e.g., HAMR apparatuses) and related com-
ponents that can utilize heating of a junction of a laser diode
to reduce laser mode hopping according to various embodi-
ments. FIGS. 12-14 show views of a HAMR configuration
according to one example embodiment. In FIGS. 12-14, the
configuration is a laser-on-slider (LOS) configuration. Other
configurations, such as a laser-in-slider (L.IS) configuration
are contemplated. Indeed, the embodiments described may be
applicable to a variety of energy delivery configurations and
laser diode types. In the LOS configuration, each apparatus
(slider) 1200, 1300, and 1400 includes a slider body 1201
having an laser diode 1202 mounted to or otherwise disposed
adjacent (e.g., with use of a submount) a first surface 1204
thereof. The laser diode 1202 is proximate to a HAMR read/
write element 1206, which has one edge on an air bearing
surface 1205 of the slider body 1201. The air bearing surface
1205 faces and is held proximate to a moving magnetic
recording medium 1211 during device operation.

While here the read/write element 1206 is shown as a
single unit, this type of device may have a physically and
electrically separate read element (e.g., magnetoresistive
stack) and write element (e.g., a write coil and pole) that are
located in the same general region of the slider body 1201.
The separate read and write portion of the read/write element
1206 may be separately controlled (e.g., having different
signal lines, different head-to-media spacing control ele-
ments, etc.), although may share some common elements
(e.g., common signal return path). It will be understood that
the concepts described herein relative to the read/write ele-
ment 1206 may be applicable to individual read or write
portions thereof, and may be also applicable where multiple
ones of the read write portions are used, e.g., two or more read
elements, two or more write elements, etc.

The laser diode 1202 provides electromagnetic energy to
heat the media surface at a point near to the read/write ele-
ment 1206. Optical path components, such as a waveguide
1210, can be formed integrally within the slider body 1201 to
deliver light from the laser diode 1202 to the medium 1211. In
particular, a local waveguide and NFT 1212 may be located
proximate the read/write element 1206 to provide local heat-
ing of the media during write operations. The NFT is designed
to support local surface-plasmon at a designed light wave-
length. At resonance, high electric field surrounds the NFT
due to the collective oscillation of electrons in the metal. Part
of the field will tunnel into a storage medium and get
absorbed, raising the temperature of the medium locally for
recording.

In FIG. 12, the apparatus 1200 can include one or more
heater arrangements 1216 configured to warm a junction of
the laser diode. The heater arrangement 1216 may be posi-
tioned proximate (e.g., adjacent) the laser diode 1202 as
illustrated or in other embodiments may be disposed within or
along the laser diode itself. In FIG. 12, an analyzer 1217 (e.g.,
a processor) is illustrated communicating with a controller
1218. The analyzer 1217 can be configured to determine a
temperature of the laser diode junction in some instances.
Additionally, the analyzer 1217 can determine laser diode
power output (e.g., from a photodiode), and compare junction
temperature and an injection current supplied during the las-
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ing state to stored combinations of junction temperature and
injection current to determine a likelihood of mode hopping
occurring for the laser diode during the lasing state. The
controller 1218 can communicate with the analyzer and can
be configured to vary the current supplied to the heater
arrangement for varying a temperature of the junction to
reduce the likelihood of mode hopping occurring during the
lasing state.

FIG. 12 shows an arrangement where the laser diode 1202
and heater arrangement 1216 are controlled together. Thus,
the controller 1218 can be coupled to both the heater arrange-
ment 1216 and the laser diode 1202 to control lasing and to
control when the heater arrangement 1216 is on relative to the
non-lasing state (and/or the lasing state). Optionally, or in
addition, the controller 1218 can be used to control an amount
of injection current (power) applied to one or both of the
heater arrangement 1216 and the laser diode 1102 to vary a
temperature of the junction.

The controller 1218 can include a write control module
1220 that controls various aspects of the device during write
operations. For a HAMR device, writing involves activating
the laser diode 1202 while writing to the media, which is
indicated by way of laser and heater control module 1221.
The laser and heater control module 1221 includes circuitry
that switches the laser diode 1202 on and off, e.g., in response
to a command from write control module 1220. In some
embodiments, the laser and heater control 1224 can switch
the heater arrangement 1216 on and off inversely to the laser
diode 1202 to warm the junction of the laser diode 1202 as
discussed with reference to FIGS. 6, 8, and 10. In other
embodiments, the laser and heater control 1224 can activate
the heating arrangement during at least a portion of the non-
lasing state and at least a portion of the lasing state to warm
the junction of the laser diode as discussed with reference to
FIGS. 6, 8, and 10.

FIG. 13 illustrates an embodiment with a controller 1318
coupled to both the heater arrangement 1216 and the laser
diode 1202 to control lasing and to control when the heater
arrangement 1216 is on relative to the non-lasing state (and/or
the lasing state). The controller 1318 can be coupled to the
analyzer 1217, which provides for monitoring as discussed
previously. The embodiment of FIG. 13 has a separate laser
control 1322 in addition to a heater control 1324. The laser
control 1322 and the heater control 1324 can be used to
activate the heater arrangement 1216 during (a) the non-
lasing state or (b) at least a portion of the non-lasing state and
at least a portion of the lasing state to warm the junction of the
laser diode 1202.

FIG. 14 illustrates yet another embodiment with a control-
ler 1418 coupled to both the heater arrangement 1216 and the
laser diode 1202 to control lasing and to control when the
heater arrangement 1216 is on relative to the non-lasing state
(and/or the lasing state). The controller 1418 can be coupled
to the analyzer 1217, which provides for monitoring as dis-
cussed previously. FIG. 14 has a laser control 1422 and a
heater control 1424. Although illustrated as two separate
modules in FIG. 14, in some embodiments the laser control
1422 and the heater control 1424 can be combined. The heater
control 1424 can be coupled to a laser power monitor 1425
(e.g., a photodiode) disposed proximate the laser diode 1202
to allow for monitoring of the junction. In some instances, the
laser power monitor 1425 can optionally be disposed suffi-
ciently close to the laser diode 1202 and be configured to
warm the junction, and thereby reduce the likelihood of mode
hopping. Thus, the laser control 1422 and the heater control
1424 can used to activate the laser power monitor 1425 to
provide heating during (a) the non-lasing state or (b) at least
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a portion of the non-lasing state and at least a portion of the
lasing state to warm the junction of the laser diode 1202.

The foregoing description of the example embodiments
has been presented for the purposes of illustration and
description. It is not intended to be exhaustive or to limit the
embodiments to the precise form disclosed. Many modifica-
tions and variations are possible in light of the above teaching.
Any or all features of the disclosed embodiments can be
applied individually or in any combination are not meant to be
limiting, but purely illustrative. It is intended that the scope of
the invention be limited not with this detailed description, but
rather determined by the claims appended hereto.

What is claimed is:

1. A method, comprising:

determining a temperature at a junction of a laser diode

when the laser diode is operated in a lasing state that
facilitates heat-assisted magnetic recording;

comparing the junction temperature and an injection cur-

rent supplied to the laser diode during the lasing state to
stored combinations of junction temperature and injec-
tion current;

determining a likelihood of mode hopping occurring for

the laser diode during the lasing state based on the com-
parison to stored combinations of junction temperature
and injection current; and

heating the laser diode during the non-lasing state, wherein

heating the laser diode comprises:

measuring a temperature of the junction of the laser
diode when in the lasing state and in the non-lasing
state; and

applying a drive signal to a heating arrangement coupled
in a parallel relationship with the laser diode, wherein
the heating arrangement comprises at least a diode
configured to be reverse biased during the lasing state
and forward biased during the non-lasing state.

2. The method of claim 1, wherein the step of determining
the temperature at the junction comprises:

determining a voltage differential between a non-steady

lasing state of the laser diode and a steady state lasing
state of the laser diode; and

calculating the temperature based on the voltage differen-

tial.
3. The method of claim 1, further comprising heating the
laser diode during at least a portion of the lasing state and a the
non-lasing state.
4. The method of claim 3, wherein the step of heating the
laser diode comprises:
measuring a temperature of the junction of the laser diode
when in the lasing state and in the non-lasing state; and

applying the drive signal to the heating arrangement,
wherein the diode is configured to be forward biased
during at least a portion of the lasing state and the non-
lasing state.

5. The method of claim 4, comprising generating the drive
signal having an energizing portion and a non-energizing
portion to cause the laser diode to operate in the lasing state
and non-lasing state, respectively, the energizing portion
comprising a negative-going portion for forward biasing the
diode of the heating arrangement during at least the portion of
the lasing state.

6. The method of claim 1, further comprising heating the
laser diode during the non-lasing state to a temperature asso-
ciated with a reduced likelihood of mode hopping occurring
for the laser diode during the lasing state.
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7. The method of claim 1, further comprising rewriting a
sector of data recorded in a magnetic recording medium in
response to determining that mode hopping was likely to have
occurred.

8. The method of claim 1, further comprising modifying
one or more of an injection current, a laser diode power
output, and a head position relative to a magnetic recording
medium to compensate for a laser diode power variation due
to the mode hopping.

9. The method of claim 1, further comprising:

supplying the injection current to the laser diode;

monitoring the junction temperature of the laser diode

during the lasing state;
comparing the monitored junction temperature and the
supplied injection current to the stored combinations of
junction temperature and injection current;

determining if the measured junction temperature and sup-
plied injection current comprises a combination for
which mode hopping is likely to occur based upon the
comparisons to stored combinations of junction tem-
perature and injection current; and

adjusting the laser diode to a junction temperature where

mode hopping is less likely to occur.

10. The method of claim 1, further comprising:

supplying the injection current to the laser diode;

monitoring the junction temperature of the laser diode

during the lasing state;
comparing the monitored junction temperature and the
supplied injection current to the stored combinations of
junction temperature and injection current;

determining if the measured junction temperature and sup-
plied injection current comprises a combination for
which mode hopping is likely to occur based upon the
comparisons to stored combinations of junction tem-
perature and injection current; and

setting the injection current supplied to the laser diode to a

level where mode hopping is less likely to occur.

11. An apparatus comprising:

alaser diode configured to facilitate heat assisted magnetic

recording in a lasing state;

a sensor configured to measure a temperature of a junction

of the laser diode; and

an analyzer configured to determine a likelihood of mode

hopping occurring for the laser diode during the lasing
state based on a comparison of the junction temperature
and an injection current to stored combinations of junc-
tion temperature and injection current;

a heater arrangement proximate the laser diode; and

a controller configured to activate the heater arrangement

to warm the junction and maintain the junction tempera-
ture within a predetermined temperature range associ-
ated with a reduced likelihood of mode hopping occur-
ring for the laser diode during the lasing state;

wherein the heater arrangement is coupled in a parallel

relationship with the laser diode, and wherein the heater
arrangement comprises one or more of a diode, a diode
arranged in series with a thermistor, and a diode
arranged in series with a heater.

12. The apparatus of claim 11, wherein the controller is
configured to modify one or more of an injection current, a
laser diode power, and a head position relative to a magnetic
recording medium to compensate for a laser diode power
variation due to mode hopping.
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13. A method, comprising:

supplying an injection current to a laser diode;

measuring a temperature of the junction of the laser diode

when in a lasing state that facilitates heat-assisted mag-
netic recording;
comparing the measured junction temperature and the sup-
plied injection current to the stored combinations of
junction temperature and injection current;

determining if the measured junction temperature and sup-
plied injection current comprises a combination for
which mode hopping is likely to occur based upon the
comparisons to stored combinations of junction tem-
perature and injection current; and

implementing one or more measures to attenuate the

effects of or reduce the likelihood of mode hopping
during heat-assisted recording;

wherein the step of monitoring the junction temperature

utilizes a sensor that is positioned to heat the laser diode
during a non-lasing state.
14. The method of claim 13, wherein the step of imple-
menting includes heating or cooling the laser diode to the
junction temperature for which mode hopping is less likely to
occur.
15. The method of claim 13, wherein the step of imple-
menting includes setting the injection current supplied to the
laser diode to a level that achieves the junction temperature
for which mode hopping is less likely to occur.
16. A method, comprising:
determining a temperature at a junction of a laser diode
when the laser diode is operated in a lasing state that
facilitates heat-assisted magnetic recording;

comparing the junction temperature and an injection cur-
rent supplied to the laser diode during the lasing state to
stored combinations of junction temperature and injec-
tion current; and

determining a likelihood of mode hopping occurring for

the laser diode during the lasing state based on the com-
parison to stored combinations of junction temperature
and injection current;
wherein the step of determining the temperature at the
junction comprises:
determining a voltage differential between a non-steady
lasing state of the laser diode and a steady state lasing
state of the laser diode; and
calculating the temperature based on the voltage differ-
ential.
17. A method, comprising:
determining a temperature at a junction of a laser diode
when the laser diode is operated in a lasing state that
facilitates heat-assisted magnetic recording;

comparing the junction temperature and an injection cur-
rent supplied to the laser diode during the lasing state to
stored combinations of junction temperature and injec-
tion current;

determining a likelihood of mode hopping occurring for

the laser diode during the lasing state based on the com-
parison to stored combinations of junction temperature
and injection current; and

rewriting a sector of data recorded in a magnetic recording

medium in response to determining that mode hopping
was likely to have occurred.
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